Background: Multiple sclerosis (MS) is a demyelinating and disabling inflammatory disease of the central nervous system. MS is triggered by complex environmental factors which mostly affect genetically the susceptible young people. Emerging data has suggested that changes of homocysteine (Hcy), Vitamin B12 and folate serum levels may be associated with MS. However, previous findings are not always consistent. Methods: In this study, we aimed to investigate the relationships between MS and Hcy, Vitamin B12 and folate with updated available data (until September, 2019). The diagnosis of MS was performed based on international criteria for the diagnosis of MS, including magnetic resonance imaging and cerebrospinal fluid tests. We searched the databases including PubMed, EMBASE, Cochrane Library and ScienceDirect. After data collection, separate analyses based on random-effect models were used to test for relationships between MS and Hcy, Vitamin B12 or folate blood levels. The effective sizes were estimated by the combined standardized mean difference (SMD) and associated 95% confidence interval (CI). Results: Based on the inclusion criteria, a total of 21 original studies with 1738 MS patients and 1424 controls were included in this study. There were 17 studies for measuring Hcy, 16 studies for measuring Vitamin B12 and 13 studies for measuring folate in patients with MS, respectively. Specifically, patients with MS had higher serum levels of Hcy (SMD: 0.64; 95% CI:0.33, 0.95; P <0.0001) compared with control groups. There were no significant differences of SMD for Vitamin B12 (SMD: -0.08; 95% CI: -0.35, 0.20; P=0.58) or folate (SMD: 0.07; 95% CI: -0.14, 0.28; P=0.52) between MS and controls. Subgroup analysis demonstrated that there was statistically significant difference for Hcy between relapsing-remitting MS (RRMS) patients and controls with a SMD of 0.67 (95% CI: 0.21, 1.13; P=0.004). However, no significant difference of Hcy serum levels between secondary progressive MS patients or primary progressive MS patients and controls was noted in this study. In addition, there was no significant difference of Hcy levels in females (SMD: 0.22; 95% CI: -0.16, 0.60; P=0.25) or males (SMD: 0.56; 95% CI: -0.13, 1.26; P=0.11) between MS patients and controls. Conclusions: Higher serum levels of Hcy were noted in patients with MS when compared with control groups. And the difference was especially significant between RRMS patients and controls. Hcy may play an important role in the pathogenesis of MS. Functional studies are required to assess the effects of Hcy on patients with MS at the molecular level.
Introduction
Multiple sclerosis (MS) is a neuro-inflammatory disease of the central nervous system (CNS), often followed by progressive and irreversible neurological dysfunction [1, 2] . It affects more than two million young individuals worldwide and imposes an enormous economic burden on the societies [3] . To Ivyspring International Publisher date, the pathogenesis of MS has been not yet well defined and there are always uncertainties regarding the future course. The combined effects of genetic predispositions such as human leukocyte antigen variants and environmental factors such as low Vitamin D levels, cigarette smoking, obesity and sun exposure on MS have been recognized recently [4, 5] . Understanding the potential mechanisms of MS is essential to elucidate novel treatment strategies to repair myelin and axonal structures. Several previous studies have investigated the roles of homocysteine (Hcy), Vitamin B12, and folate in MS since myelin replacement requires normal function of "folate-Vitamin B12-methylation" pathway which is vital to provide methyl groups for myelin regeneration [6] . Hcy stems from methionine metabolism and can be removed either by conversion to cysteine or by remethylation to methionine, playing a physiologic role in deoxyribonucleic acid metabolism guided by folate, Vitamin B6 and B12 [7] . Hcy exerts direct effects on cell damage and the activation of macrophages. Increased Hcy levels in the circulation play an underestimated role in the process of MS [8] . Folate and Vitamin B12 are needed in the process of methionine-synthase mediating the conversion of Hcy to methionine [9] . Both 5-methyltetrahydrofolate and methyl-Vitamin-B12 are essential factors for methionine synthesis of Hcy [10] . Lacking Vitamin B12 and folate may cause an increased level of Hcy.
Several previous pioneering studies have demonstrated higher Hcy levels, lower Vitamin B12 and folate levels in patients with MS compared with healthy controls [11] [12] [13] . However, there are still some controversies about the final conclusions. Specifically, an earlier meta-analysis showed increased Hcy levels but lower Vitamin B12 levels in patients with MS and no significant difference of folate noted between MS and controls [14] . A recent meta-analysis indicated that MS patients have elevated Hcy levels compared to controls, and no significant difference of Vitamin B12 or folate was found between the two groups [15] . The latest meta-analysis published in 2019 mainly focused on Chinese population, suggesting that increased Hcy levels and reduced Vitamin B12 levels were found in Chinese MS patients [16] . However, the conclusion has not been further confirmed [6, 17, 18] , showing that there were no significant differences of serum Hcy and Vitamin B12 levels between MS patients and controls [6] . Along this line, some studies showed MS patients had higher levels of Hcy which were associated with disease progression [17] , but it had not been confirmed by recent studies as well [18] . Due to the above inconsistent findings of serum Hcy, folate, and Vitamin B12 levels in patients with MS, we performed a novel meta-analysis to investigate serum levels of Hcy, Vitamin B12 and folate in MS patients based on updated available data.
Materials & Methods

Literature search
In order to explore the relationship between Hcy, Vitamin B12, folate serum levels and MS, a systematic literature research was performed in English throughout the following databases: PubMed, EMBASE, Cochrane Library, and ScienceDirect from January 1992 to September 2019. The search strategies included the following terms: "homocysteine", "hyperhomocysteinemia", "Vitamin B12", "cobalamin" "folate", "folic acid" and "multiple sclerosis". We further examined the reference lists in case we missed some relevant articles in the initial search.
Selection criteria
The inclusion criteria: (1) the diagnosis of MS was performed according to the criteria for the diagnosis of MS [19] [20] [21] [22] [23] [24] ; (2) detailed data were provided by means and standard deviations (SD) of Hcy, Vitamin B12 and folate blood levels in patients with MS and controls, or other parameters to deduce the aforementioned values. The exclusion criteria: (1) a single case report, review, meta-analysis, letter to the editor, editorial, treatment study or proceeding;
(2) studies with incomplete data; (3) studies that included patients with other neurodegenerative disorders; (4) publications that were not reported in English.
Data collection
A standardized form was used to assess the eligibility of included articles by two neurologists. Data were collected including the first author, year of publication, study design, language of article, country, number of participants with age and sex. The mean and SD of concentrations of Vitamin B12, folate and Hcy in the circulation were extracted and recorded from the data tables published in each study or were calculated from other related parameters such as median and range values [23, 24] . Hcy, Vitamin B12, and folate concentrations with different units were standardized by Revman 5.3. A score of up to 9 points was assigned to each study according to the Newcastle-Ottawa Scale to evaluate the study quality.
Statistical analysis
Effect Size and Calculations
The data were analyzed using RevMan 5.3 provided by the Cochrane Collaboration. Standardized mean difference (SMD) was calculated for continuous variables. A 95% confidence interval (CI), excluding 0 or P<0.05, was considered statistically significant.
Assessment of Bias
Funnel plot (RevMan 5.3) was used to assess the publication bias, Begg's tests and Egger's tests were also performed to further identify the publication bias (Stata 12.0).
Heterogeneity
Heterogeneity of study results was assessed using a standard I 2 test. A fixed-effect model was used when I 2 <50%, while a random-effect model was used when I 2 >50%.
Sensitivity analysis
We excluded studies with different study method to re-analyze the data and test the stability of this study.
Results
The characteristics of the included studies
A total of 21 original studies were selected in our meta-analysis, including 1738 MS patients and 1424 controls. Sixty-seven studies were available for analyzing the association between Hcy and MS. Of these, 21 were removed based on the title and abstract including repetitive articles. Twenty-nine articles were excluded because they did not include related information or were not written in English. Finally, a total of 17 studies were selected according to the predefined inclusion and exclusion criteria [6, 11, 12, 16, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The association between Vitamin B12 and MS has been investigated by 50 different studies. Of these, 34 studies were excluded due to repetitive results or lacking related information. Finally, 16 studies met the criteria and were selected [6,12,13,16, 18, 27-31, 34-36, 38,40,41] . Forty-eight studies were available to explore the association between folate levels and MS, and 13 studies were included according to the predefined inclusion and exclusion criteria [6,12,13,16, 27-30, 34-36, 38] . After literature quality assessment, scores of most of the involved studies were above 6 points, while 7 studies scored 5 [11, 41] or 6 [13, 28, 29, 40, 41] points. As for the subgroup analysis, Hcy levels were divided into three groups according to different subtypes of MS, including 9 studies for relapsing-remitting MS (RRMS) [6, 11, 12, 29, 30, 32, 33, 36, 39] , 5 studies for secondary progressive MS (SPMS) [6, 11, 29, 32, 36] , and 3 studies for primary progressive MS (PPMS) [29, 32, 36] . Furthermore, we analyzed Hcy levels in different gender subgroups [30, 32, 36, 38] . The flow diagrams summarizing the selection process were presented in Figs. 1-3, and the basic data of the included studies were shown in Table 1 . 
Hcy and MS
A total of 2624 participants (1419 patients and 1205 controls) from 17 studies were eligible. A random-effect model was used with I 2 of 92%. Pooled results revealed a SMD of 0.64 (95% CI: 0.33, 0.95; P< 0.0001) ( Fig. 4) . This finding suggested that MS is associated with higher levels of serum Hcy. The funnel plot was symmetrical (Fig. 5A ). Egger's (P=0.001) and Begg's (P=0.232) tests showed no significant publication bias for these studies, but there might be other factors effecting the symmetry of the funnel plot such as heterogeneity and sample size.
Vitamin B12 and MS
Sixteen studies describing the relationship between Vitamin B12 and MS were included with 2351 participants (1245 patients and 1106 controls). There was significant heterogeneity between selected studies for Vitamin B12 (I 2 =89%), so a random-effect model was utilized. The pooled findings revealed a SMD of -0.08 (95% CI: -0.35, 0.20; P=0.58) (Fig. 6 ). The symmetrical funnel plot (Fig. 5B ), Egger's (P=0.318) and Begg's (P=0.964) tests all showed that there was no significant publication bias for these studies. 
Folate and MS
A total of 2161 participant (1132 patients and 1029 controls) from 13 studies were eligible. A random-effect model was applied with significant heterogeneity (I 2 =81%). Pooled results revealed a SMD of 0.07 (95% CI: -0.14, 0.28; P=0.52) (Fig. 7) . The funnel plot depicting folate levels was symmetrical, indicating no publication bias (Fig. 5C ). The P values of Begg's and Egger's tests were 0.760 and 0.262, respectively.
Subgroup analysis
We analyzed Hcy levels according to MS clinical subtypes. There were 9 studies with a total of 1261 individuals included in this subgroup analysis. There was statistically significant difference between RRMS patients and controls, with a SMD of 0.67 (95% CI: 0.21, 1.13; P=0.004; I 2 =93%) ( Fig. 8 ). However, there was no significant difference of Hcy serum levels between SPMS (SMD: 0.56, 95% CI: −0.01, 1.14, P=0.06; I 2 =88%) or PPMS (SMD: 0.25, 95% CI: −0.51, 1.02, P=0.52; I 2 =86%) patients and controls (Fig. 8) .
We next evaluated Hcy serum levels according to the gender. A total of 1374 individuals (771 women and 603 men) from 4 studies were included in this subgroup analysis. Our results indicated that there was no significant difference when all studies were pooled in random-effect models for Hcy levels in females (SMD: 0.22, 95% CI: −0.16, 0.60, P=0.25) or males (SMD: 0.56, 95% CI: −0.13, 1.26, P=0.11) between MS patients and controls (Fig. 9 ).
Sensitivity analysis
We removed 3 studies [12, 30, 33] which only included one subtype of MS (RRMS) to evaluate the stability of main results of associations between MS and Hcy, Vitamin B12 or folate, respectively. The results showed no significant changes obtained before and after the elimination ( Table 2 ). 
Discussion
As a common disabling neurological disease, MS has been becoming a great challenging disorder with complex genetic and environmental interactions [4, 5] . It has been gradually established that there might be some close relationships between serum levels of Hcy, Vitamin B12, folate and MS [6, 12, 30] . However, current available evidence has not been always consistent. Increased levels of Hcy combined with decreased Vitamin B12 and folate were found in Iranian RRMS patients [12] . However, another study conducted in Greece inferred the opposite conclusion that circulating Hcy was not elevated in patients with MS [37] . Our results combining 17 studies for Hcy were in agreement with the earlier meta-analyses [14] [15] [16] , showing that MS patients were associated with elevated Hcy levels. Increased Hcy plays a role in the myelin sheath degeneration through interfering methyl group donors, causing neuroinflammation, microglial activation and other biochemical reactions in the CNS [29, 42, 43] . Hcy can be produced during methionine metabolism, and it is metabolized either by conversion to cysteine (with Vitamin B6) or by remethylation to methionine (with Vitamin B12 and folate) [6] .
Some studies suggested that lack of Vitamin B12 was related with MS due to its important role in the formation of the myelin sheath and the immunomodulatory effect [34, 44] . However, our study found a trend that Vitamin B12 levels and MS may be associated, to some extent, but without significant (P=0.23). Some prior studies showed significant difference of Vitamin B12 levels between MS patients and controls [12, 14, 16] , while the conclusion is not further confirmed by other studies [6, 15, 35] and our updated meta-analysis. Our metaanalysis of Vitamin B12 showed high heterogeneity of involved studies which could have a certain impact on the negative results. In addition, some studies have explicitly restricted that subjects had not received Vitamin B12 and/or folate supplementation, while others do not control the effects of confounding factors such as diet and drugs, which may cover up the correlation between Vitamin B12 serum levels and MS. The association between folate and MS may also have the same situation.
A recent double-blinded clinical trial was performed to determine the effect of Vitamin B12 and folate supplementation on serum Hcy in RRMS patients. It has been shown that the mean levels of Hcy are significantly reduced, and both physical and mental fields of quality of life were improved in the vitamin-treated group [45] . The supplementation of Vitamin B12 and folate may decrease the serum Hcy levels in MS, which would be helpful for potential treatment strategies for MS in clinical practice [45, 46] . However, the conclusion needs to be confirmed by conducting prospective studies with larger samples in unprecedented detail.
As for the subgroup analysis of Hcy serum levels by different MS clinical subtypes, we found statistically significant difference between RRMS patients and controls (583 RRMS and 678 controls, P=0.004), but no difference between SPMS patients and controls (171 RRMS and 492 controls, P=0.06) or PPMS patients and controls (90 RRMS and 428 controls, P=0.52). A recent meta-analysis evaluated the Hcy levels in two clinical phenotypes of MS patients, suggesting no significant differences between RRMS patients and controls (401 RRMS and 563 controls), or SPMS patients and controls (120 RRMS and 428 controls) [15] . Different results of these two studies may due to small sample sizes, genetic factors, and environmental factors. Besides, another subgroup analysis showed increased Hcy levels in relapsing or remitting MS patients, and decreased Vitamin B12 levels in relapsing MS patients compared with controls, while no difference for folate [16] . More randomized controlled trials with larger sample sizes are needed to validate the effects of Hcy on different MS clinical subtypes.
One strength of our study is evolving the most renewed literature until September 2019. We have updated 6 new studies which have been published recently in order to provide a more detailed explanation for the contribution of Hcy, Vitamin B12 and folate in the pathophysiology of MS. The updated literatures were listed as follows: five studies for Hcy [6, 11, 16, 38, 39] , four studies for Vitamin B12 [6, 13, 16, 38] , and four articles for folate [6, 13, 16, 38] . We thus inferred that increased Hcy levels play an important role in the pathogenesis of MS [11] . Furthermore, subgroup analysis showed no statistically significant difference of Hcy levels in patients with MS between sexes.
However, there are also some limitations in our study. First, the high heterogeneity of selected studies should be taken in consideration. The heterogeneity stems from different study designs, sample sizes (varying from 45 to 436), population (gender, age, regions), and different diagnosis criteria during so many years. In this case, we utilized the random-effect model to correct the heterogeneity. Second, some other confounding factors may influence the estimating associations between Hcy, Vitamin B12, folate and MS, such as smoking, Vitamin D levels, Vitamin B complex intake, lifestyle habits, and so on. However, most prior studies did not adequately describe the relevant information. Third, the information on age, ethnicity, diet and Expanded Disability Status Scale (EDSS) scores were not taken into the subgroup analysis in our meta-analysis. Last but not the least, there were many other crucial factors which may affect the results, such as the time points of testing biomarkers and the different phases of MS. All above factors may account for the apparent discrepancies.
Conclusion
In summary, we extend previous observations of Hcy, Vitamin B12, and folate serum levels in patients with MS. Higher circulating Hcy levels was noted in MS patients compared with controls, while no significant differences of Vitamin B12 and folate were found in this updated meta-analysis. Further subgroup analysis indicated statistically significant difference of Hcy levels between RRMS patients and controls, but not in SPMS or PPMS groups. Our study may be of main importance to elucidate the pathogenesis of MS and provide valuable information for early MS prevention. Substantial effort of functional studies is needed to explore the effects of Hcy on MS at a molecular level. 
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